Introduction
The sport of soccer places significant physical and physiological demands on youth athletes (Buchheit, Mendez-Villanueva, Simpson, & Bourdon, 2010) , and thus, an inherent risk of injury is present (Price, Hawkins, Hulse, & Hodson, 2004) . The highest incidence of injury has been shown in older players (Price et al., 2004; Kinematic assessments have been used as a clinical tool to aid in the identification of non-contact knee injury risk factors (Hewett et al., 2005; Myer, Ford, Khoury, Succop, & Hewett, 2010; Paterno et al., 2010; Read, Oliver, de Ste Croix, Myer, & Lloyd, 2016; . Medial frontal plane motion of the knee during landing places a large amount of force on the medial collateral ligament (MCL) and anterior cruciate ligament (ACL) (Yu & Garrett, 2007) . In addition, maintenance of trunk control plays a crucial role in reducing forces occurring at the knee and subsequent risk of lower body injury . Specifically, the combination of knee valgus and ipsilateral trunk frontal plane motion has shown greater sensitivity in prospectively identifying female games players at greater risk of non-contact knee injury than knee valgus alone (Dingenen et al., 2015) .
In recreational youth athletes, the magnitude of knee valgus appears to be influenced by the stage of maturation (Schmitz, Shultz, & Nguyen, 2009) . Reductions in valgus alignment are evidenced in boys as they mature Schmitz et al., 2009; Swartz, Decoster, Russell, & Croce, 2005) . Conversely, Barber-Westin et al. (Barber-Westin, Noyes, & Galloway, 2006) showed no significant differences in landing kinematics based on chronological age in males aged 9-17. Chronological age does not account for the variation in biological maturity of players in the same age group, who may be at different stages of maturation (Malina, Bouchard, & Bar-Or, 2004) . The existing literature has focused largely on the kinematics of the knee joint during landing tasks in youth athletes, but less is known about the effects of maturation on trunk control.
In addition to the assessment of kinematics during jumping assessments, poor attenuation of ground reaction forces upon landing may also heighten injury risk in youth soccer players. The existing literature indicates a concomitant reduction in landing forces with the later stages of maturation in male youth basketball players (Quatman, Ford, Myer, & Hewett, 2006) . Furthermore, Sigward et al. (Sigwardet al, 2012) reported large increases in knee and hip moments during periods of rapid growth. However, these studies utilized non-elite participants and bilateral drop vertical jump landing tasks (Ford, Shapiro, Myer, van den, & Hewett, 2010; Quatman et al., 2006; Sigwardet al, 2012) . Single leg jump-landing assessments display greater ecological validity for soccer players and may be more suitable for identifying youth athletes who display landing mechanics that are indicative of a greater risk of injury (Yeow, Lee, & Goh, 2010) .
Collectively, there is a paucity of data available to examine the effects of maturation on landing kinetics and kinematics in elite male youth soccer players despite the high frequency of lower extremity injuries. Coaches and practitioners would benefit from testing protocols that aid in the identification of players who demonstrate high risk movement patterns, from which targeted training programs can be implemented. The aim of this study was to examine possible maturation-related differences in unilateral landing mechanics using coach and clinician friendly diagnostics. It was hypothesized that improved landing mechanics would be displayed by players in the later stages of maturation; however, during periods of rapid growth, kinetic and kinematic deficits will be shown in players during this developmental stage.
Methods

Experimental design
This study employed cross sectional design to examine the effects of maturity status on landing kinetics and kinematics in elite male youth soccer players. Participants completed one familiarization and one testing session separated by a period of seven days, each involving the performance of single leg counter-movement jumps (SLCMJ). Testing took place at each clubs respective training ground during the pre-season period of the 2015-2016 season. A standardized dynamic warm-up was completed before each test session. Participants were also instructed to wear shorts which clearly displayed their knees, avoid strenuous exercise for 48 h prior to testing, eat according to their normal diet and avoid eating and drinking substances other than water one hour prior to each test session.
Participants
Four hundred elite male youth soccer players (aged 10-18 years) registered at six professional academy soccer clubs in the United Kingdom volunteered to take part in this study. Descriptive statistics for each maturation group are displayed in Table 1 . All players were required to be injury free at the time of testing and participating regularly in training and competing in accordance with the guidelines set out in the Premier League's Elite Player Performance Plan (EPPP). Parental consent, participant assent and physical activity readiness questionnaires were collected prior to the commencement of testing. Ethical approval was granted by the institutional ethics committee in accordance with the declaration of Helsinki.
Procedures
Anthropometrics and biological maturation
Body mass (kg) was measured on a calibrated physician scale (Seca 786 Culta, Milan, Italy). Standing and sitting height (cm) were recorded to the nearest 0.1 cm on a measurement platform (Seca 274, Milan, Italy) with seated height measured using a box. Leg length was calculated as the difference between the players height in both standing and seated conditions. Biological maturation was estimated using a validated and non-invasive regression equation, which has shown to be accurate with a reported error of approximately 6 months (Mirwald, Baxter-Jones, Bailey, & Beunen, 2002) .
Players were grouped into discrete bands according to their stage of maturation based on the number of years from peak height velocity (PHV) (pre-, circa-or post-PHV) as follows: (pre -PHV = <-1, circa-PHV = −0.5 to 0.5, post-PHV = >1). Participants who recorded a maturational offset between −1 and −0.5 and 0.5 to 1 were subsequently removed from the data set to account for the reported error in the regression equation (Mirwald et al., 2002) ; the final sample consisted of three hundred and fourty seven players.
Single leg countermovement jump
Participants were instructed to stand on one leg in the centre of a force plate with their hands placed on their hips and the opposite hip and knee flexed at 90°. Players then performed a counter-movement to a self-selected depth followed immediately by a maximal effort vertical jump, landing on the same leg and holding a stable position for a period of five seconds (Read et al., 2016c) . Three jumps on each leg were completed in a randomized and counterbalanced order with a one-minute rest period between each maximal effort.
Kinetics and kinematics
Peak vertical ground reaction force (pVGRF) was measured using a force platform (Pasco, Roseville, California, USA) and values were normalized to body weight to allow for between group comparisons. All data were recorded at a sampling rate of 1000 Hz and filtered through a fourth-order Butterworth filter at a cut-off frequency of 18 Hz. The reliability of these measures has been reported previously and deemed acceptable in this cohort (coefficient of variation (CV): 9.5-10% for post and pre-PHV players respectively) (Read et al., 2016c) . Jump height was calculated in centimeters using the impulse-momentum method (Linthorne, 2001) .
Kinematic data were recorded using 50 Hz Panasonic camcorders HC-V210 HD and HC-V720 HD (Panasonic UK Ltd. Berkshire, UK), positioned at a height of 70 cm and a triangulated distance of 5 m from the capture area in the frontal plane. Knee valgus was measured via the frontal plane projection angle which was calculated by measuring the angle drawn between the hip, knee and ankle joint centres (Noyes, Barber-Westin, Fleckenstein, Walsh, & West, 2005) , where values less than 180°were indicative of knee valgus. Trunk side flexion was calculated on the contralateral side to the jumping leg by measuring the angle between two lines drawn from the anterior superior iliac spine, one directly vertical and one to the medial shoulder joint centre. A positive score was characteristic of ipsilateral trunk flexion. This method has been shown to optimize reliability in the assessment of lateral trunk movement during landing tasks (DiCesare, Bates, Myer, & Hewett, 2014) . All angles were quantified at the point of maximal knee flexion using Kinovea 0.8.23 (Free Software Foundation, Boston, USA). Maximal knee flexion was determined as one frame before the participant started to increase knee extension in order to perform the maximum vertical jump.
Statistical analysis
Descriptive statistics were calculated for each sub-group using Microsoft Excel ® 2010. A one-way analysis of variance was performed in SPSS ® (V.21. Chicago Illinois) to determine the existence of any between group differences for all outcome measures, with the level of significance set at p ≤ 0.05. Post-hoc analysis to determine significant between group differences was assessed using Gabriel's or Games-Howell tests when equal variance was, or was not, assumed respectively. Cohen's d effect sizes (ES) were calculated to interpret the magnitude of between group differences using the following clas sifications: standardized mean differences of 0.2, 0.5, and 0.8 for small, medium, and large effect sizes respectively (Cohen, 1992) . The kinematic analysis was completed by one rater. Intra-rater reliability for both frontal plane projection and trunk lateral flexion angles was assessed using intra-class correlation coefficient (ICC) on a sub-section of participants (N = 20). Two conduct the analysis, the rater viewed the same videos in a randomized order on two separate occasions, separated by a period of 7 days.
The estimation of sample size was calculated using equation (1) as suggested by Hopkins (2004). The highest predicted sample size for each test measure was N = 40. Therefore, sample sizes greater than this magnitude were deemed necessary to accurately determine any significant between-group differences for any outcome measure.
Results
Kinetics
Vertical jump height (pre-PHV 10.93 ± 2.57 cm: circa-PHV 13.17 ± 2.65 cm; post-PHV 15.79 ± 2.87 cm) and absolute pVGRF ( Fig. 1 a) increased linearly with each stage of maturation (p < 0.001; d = 0.85-2.35). Relative to body mass, significantly higher landing forces were recorded on the left leg in circa versus post-PHV players (p < 0.05; d = −0.40; Fig. 1 b) . No other significant between-group differences were shown and effect sizes were trivial to small.
Kinematics
Intra-rater reliability was strong (ICC = 0.88 and 0.90) for frontal plane knee projection and trunk lateral flexion angles respectively. Frontal plane projection angles indicated a trend where the degree of knee valgus reduces with advancing maturation on both legs (Fig. 2 a) . No between-group differences and small to moderate effect sizes were shown on the right leg (d = 0.28-0.62). On the left leg, significantly less valgus was indicated in post-PHV players when compared to those in the pre-PHV group (p < 0.05; d = 0.67). No other group comparisons were significant and effect sizes were small (d = 0.31-0.35).
Post-PHV players displayed greater lateral trunk flexion angles on both legs than all other groups (Fig. 2 b) and these differences were magnified when compared to the circa-PHV group on the left leg (p < 0.05; d = 0.85). No other group comparisons were significant and effect sizes were trivial to moderate (d = 0.05-0.67). (1) 
Discussion
The aim of the current study was to examine the effects of maturation on single leg vertical jumping and landing mechanics in elite male youth soccer players. Results showed that jump height and absolute pVGRF increased with each stage of maturation. Normalized to body mass, landing forces were higher in circa-PHV players. Knee valgus reduced with advancing maturation but significant differences were only evident between post-PHV and pre-PHV players for the left leg; however, this reduction in frontal plane knee motion was combined with greater ipsilateral lateral trunk flexion angles in the more mature cohort.
Greater absolute landing forces with advancing maturation are likely due to increases in body and muscle mass as indicated in Table  1 . Relative values showed a more varied pattern with the only notable between-group difference in circa versus post-PHV players. Previous data indicate reduced ground reaction forces in older youth relative to bodyweight in bilateral landing tasks (Quatman et al., 2006; Swartz et al., 2005) , suggesting that in the later stages of maturation, athletes are better able to attenuate landing forces. Conversely, younger children have been shown to land with reduced knee and hip flexion angles (Swartz et al., 2005) , indicative of a 'stiffer' landing position resulting in heightened relative peak ground reaction forces (Swartz et al., 2005) . Disparity between the findings of the current study and those of previous research may in part be explained by the difference in bilateral versus unilateral jumping tasks. Also, vertical jump height increased linearly with each stage of maturation. Greater vertical displacement of the centre of mass will challenge dynamic stability and the ability to dissipate landing forces. Poor attenuation of ground reaction forces upon landing in-spite of improvements in jump height may increase injury risk in youth players, especially in those who are older and possess greater stature and body mass.
Heightened normalized landing forces in circa-PHV players are consistent with previous research. Hewett et al. (Hewett, Myer, Ford, & Slauterbeck, 2006) showed that landing forces increased in male youth around the period associated with the peak growth spurt. Elevated normalized forces in the circa-PHV group in the current study may be indicative of an increased injury risk around the time of PHV. This maturity-related risk factor is a concept that has been previously reported in male youth soccer players (van der Sluis et al., 2014) . In the current study, the most notable increases in limb length (as shown in Table 1 ) were shown between pre and circa-PHV players, and this may have resulted in temporary decrements in motor skill performance. It should also be noted that these differences were only evident during the SLCMJ on the left leg, and for the majority of the players this would be their dominant stance limb for kicking actions (274 out of 347 players (79%) stated their preferred kicking leg was the right). Repeated exposures to intensive training and competitions will expose these individuals to muscle loading patterns that asymmetrically strengthen the quadriceps (Iga, George, & Lees, 2009 ). Speculatively, the interaction of rapid growth and heightened training volumes which are required for elite male youth soccer players in the United Kingdom around this time (Read et al., 2016a; may have resulted in under activation of hamstrings leading to a more quadriceps dominant landing strategy (Hewett et al., 2005) and subsequently players were exposed to higher ground reaction forces upon landing. These data highlight the importance of training interventions that focus on developing appropriate landing mechanics around the time of PHV.
Kinematic assessment showed reductions in knee valgus with advancing maturation which is consistent with previous research (Swartz et al., 2005; Yu & Garrett, 2007) . Heightened strength levels occurring concomitantly with a more mature state could in part explain this trend (Schmitz et al., 2009 ). However, effective kinematics during jump-landing tasks are multifaceted; while heavily underpinned by strength, coordination, neuromuscular control, movement skill and anatomical alignment are also contributing factors that should be considered (Schmitz et al., 2009) . In-spite of the observed reductions in knee valgus with progression towards a more mature state, post-PHV players appeared to utilize a strategy of increased lateral trunk flexion during landing. This was evident via an ipsilateral trunk lean towards the stance limb; a pattern that has been shown to heighten knee injury risk Zazulak, Hewett, Reeves, Goldberg, & Cholewicki, 2007) , and associated with patellofemoral pain syndrome (Nakagawa, Moriya, Maciel, & Serrao, 2012) . This is likely due to increases in the knee abduction moment and placement of the ground reaction force vector more lateral to the knee joint .
A possible explanation for the increases in lateral trunk motion shown by more mature players in the current study could be the likelihood for increased incidence of ankle sprains, a frequent injury occurring in this cohort . Ipsilateral hip abductor weakness is more prevalent following the occurrence of an inversion ankle sprain (Friel, McLean, Myers, & Caceres, 2006) . Furthermore, when postural control can no longer be maintained by motion at the ankle, larger adjustments in the upper segments are required in those with functional ankle instability (Tropp & Odenrick, 1988) . Alterations in joint motion should be considered in the context of a kinetic chain, characterized by a linkage of interdependent joints where movement at one joint will effect another occurring in series Myer, Chu, Brent, & Hewett, 2008) . During actions such as landing where effective deceleration of the centre of mass requires maintenance of the athlete's body mass over the lower extremity, ipsilateral trunk lean is an indication of a compensatory strategy for weakness in the hip abductors and lateral trunk stabilizers as the centre of mass is moved closer to the stance limb (Crossley, Zhang, Schache, Bryant, & Cowan, 2011) . This is magnified during unilateral landing tasks, with research showing that in comparison to bilateral landings, a unilateral base of support increased lateral trunk flexion by 6-10° (Pappas, Hagins, Sheikhzadeh, Nordin, & Rose, 2007) . Subsequently, the external moment arm and torque around the hip joint is reduced, decreasing the demand on the gluteus medius (Pappas et al., 2007) . Thus, assessment and correction of lower limb control during unilateral tasks should consider both proximal and distal factors to maximize their effectiveness.
More pronounced lateral trunk motion in older players could also be due to increases in body mass and height of the centre of mass following periods of rapid growth, making effective neuromuscular control of the trunk more challenging (Myer et al., 2008) . This will be further magnified by increases in jump height as shown with advanced maturation in the current study due to a greater velocity at impact. Of note, there is an increased risk of ligament sprain and a concomitant decrease in bone fractures with advanced maturation, which are likely due to increased body mass, with altered bony lever lengths influencing increased joint loads and greater intensities of play (Adrim & Cheng, 2003) . While a neuromuscular spurt in strength has been indicated in boys following the onset of peak height velocity (Malina et al., 2004) , measures of functional strength have reported weak relationships with the degree of valgus alignment during landing tasks in youth athletes (Schmitz et al., 2009) .
When interpreting the results of this study, clinicians and coaches should be cognizant of the fact that the kinematic variables assessed during the SLCMJ were recorded using two-dimensional video capture. The gold standard for kinematic assessment is via three-dimensional motion analysis; however, this approach requires specialized equipment and labour intensive data collection, limiting the ability to effectively utilize this technique when screening large numbers of athletes. Subsequently, alternative time-efficient and non-invasive clinic-based methods have been proposed which correlate significantly with more sophisticated laboratory techniques . Due to the applied, field-based nature of this study and the large sample of participants, the use of two-dimensional analysis was deemed to have greater clinical utility.
The collective findings of the current study indicate that targeted neuromuscular training is required for male youth soccer players using a multi-faceted approach inclusive of movement re-education, strength training, plyometrics, balance, motor control and coordination training to reduce injury risk in this cohort (Dingenen, Malfait, Vanrenterghem, Verschueren, & Staes, 2014; Myer et al., 2008) . To enhance their effectiveness, these interventions should commence pre-puberty and be maintained throughout a player's growth and development with the aim of reducing injury risk during periods associated with rapid growth and advanced maturation when injury risk is heightened .
Conclusion
Cross-sectional SLCMJ data for a large sample of elite male youth soccer players are now available to assist practitioners by providing normative data for players at different stages of maturation, from which reduced performances and potential injury risk factors can be identified. Periods of rapid growth appear to be associated with landing kinetics indicative of heightened injury risk as shown be increased relative landing forces in circa-PHV players. When examining kinematic strategies, reductions in valgus were displayed with advancing maturation; however, a concomitant increase in trunk lateral flexion was evident in post-PHV players which could be considered a compensatory strategy to reduce the demand on the hip and trunk stabilizers. These data indicate that unilateral landing mechanics are effected by the stage of maturation. Also, knee valgus should not be monitored in isolation and measurement of trunk position during landing is also warranted to examine joint motion and control at different points along the kinetic chain.
